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Key	Ques5on	

How	do	SMGs	relate	to	Lya	emi>ng	gaseous	
haloes	(LABs)	and	protoclusters?	
	

•  ALMA	observaFons	of	giant	(>100	kpc)	LABs	in	the	
SSA22	protocluter	at	z=3.1	

•  SCUBA-2	survey	of	HSC-selected	z=4	protoclusters	



How	do	SMGs	relate	to	LABs?	
Talks	by	Chapman,	Karim, Frayer	and	Casey	
Posters	by	Dannerbauer	and	Ao	
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Figure 2: Surface density projection maps of 250 kpc region around central submillimetre galaxy between redshifts z ⇡ 2 � 3. The
submillimetre-emission region probed in surveys typically encompasses a central galaxy in a massive halo that is undergoing a protracted
bombardment phase by numerous sub-halos. Some of the brightest SMGs arise from numerous galaxies within the beam in a rich environment
(bottom right panel).
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How	is	the	ambient	gas	of	real	SMGs?	
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Figure 2: Surface density projection maps of 250 kpc region around central submillimetre galaxy between redshifts z ⇡ 2 � 3. The
submillimetre-emission region probed in surveys typically encompasses a central galaxy in a massive halo that is undergoing a protracted
bombardment phase by numerous sub-halos. Some of the brightest SMGs arise from numerous galaxies within the beam in a rich environment
(bottom right panel).
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How	is	the	ambient	gas	of	real	SMGs?	

SSA22	LAB1	at	z=3.1	
Steidel+00,	Matsuda+04	



	SSA22	LAB01			
(Chapman+01,	04)	
	
S850=17mJy	source!!	
	
One	of	the	brightest		
(un-lensed)	SMGs.	

Strong	connec5on	between	SMG	and	LAB		



SMA	/	SCUBA-2	Observa5ons	
SMA	map	(Matsuda+07)	
S880<4.2mJy	(3-sigma)	

The Astrophysical Journal, 793:22 (7pp), 2014 September 20 Geach et al.

Figure 1. Left: SCUBA–2 850 µm map of the region (3′ × 3′) around SSA22-LAB1; contours indicate significance levels of −5 ! σ ! 5 in steps of 1σ , where
1σ = 1.1 mJy beam−1. We detect a source with S850 = (4.6 ± 1.1) mJy beam−1 at the position of SSA22-LAB1 and confirm that a ∼3σ detection is measured at
the same position in independent halves of the data (Section 4). The white box shows the SAURON field of view, detailed in the second panel. Right: zoom-in of
SSA22-LAB1 showing the average line flux over 4922–5022 Å observed in a 24 hr integration with the SAURON IFU (Matsuda et al. 2004; Weijmans et al. 2010).
We show the SCUBA-2 detection as large white contours (0.5σ levels starting at 3σ ). The LAB clearly breaks up in to distinct regions, two of which are centered on
Lyman-break galaxies (C11 and C15) at z = 3.1, whereas R1–R3 are more diffuse and not obviously connected with an ultraviolet continuum source. White lines
show the direction of the polarization pseudovectors (χ = 0.5 arctan(U/Q), where U and Q are the Stokes parameters; Hayes et al. 2011). The polarization pattern
describes a ring surrounding the SMG, and we postulate that this is the source of Lyα photons which are escaping the galaxy and scattering in H i clouds at large radius.
(A color version of this figure is available in the online journal.)

time of ∼3000 s per 4 arcsecond pixel. Data are reduced using
the smurf makemap pipeline (Chapin et al. 2013), following
the procedures described in more detail in Geach et al. (2013).
Flux calibration is performed using the best estimate of the flux
conversion factor based on observations of hundreds of standard
calibrators (Dempsey et al. 2013); this absolute flux calibration
is expected to be accurate at the 15% level.

4. RESULTS

A submillimeter source with S850 = (4.6 ± 1.1) mJy (error
bar is instrumental noise only) is detected at 22h17m26.s0,
+00◦12′37.′′5. This is within 1.′′5 of a red Spitzer-IRAC con-
tinuum counterpart source (S8 = 7.6 ± 2.2 µJy, S8/S4.5 =
1.3±2.2), close to the center of the Lyα halo which Geach et al.
(2007) identified as the central galaxy. To investigate the verac-
ity of the submillimeter detection, we create two “half maps”
from the SCUBA-2 data, whereby each half map represents a
random 50% of the individual scans used to make the total map.
At the sky position of the detection reported above, we measure
significant flux densities of (4.8 ± 1.6) mJy and (4.5 ± 1.5) mJy
(i.e., 3σ detections with consistent flux densities in indepen-
dent halves of the integration), which lend credence to the
submillimeter detection of SSA22-LAB1.

Chapman et al. (2004) also present a tentative VLA 1.4 GHz
radio continuum source and Owens Valley Radio Observa-
tory (OVRO) CO(4–3) detection consistent with this position
(although Yang et al. 2012 failed to detect CO(4–3) in SSA22-
LAB1 with IRAM PdBI). The SCUBA-2 map in the vicinity of
SSA22-LAB1 is shown in Figure 1. The mid-infrared colors of
the IRAC counterpart suggest that star formation dominates the
energy budget of this source (Colbert et al. 2011). Clearly, the
new 850 µm flux density is lower than the S850 = 16.8±2.9 mJy
reported by Chapman et al. (2001). Formally, the flux density

ratio of the initial SCUBA measurement and the new SCUBA-2
flux density is 3.7 ± 1.1; the origin of this disparity remains
unclear.

The revised 850 µm flux density is consistent with the
LABOCA upper limit S870 < 12 mJy (Yang et al. 2012)
and at the 1σ 1.4 mJy beam−1 limit of the higher-resolution
(2′′ beam) SMA map of Matsuda et al. (2007), the 850 µm
emission would only have to be distributed on a scale of a
few arcseconds to fall below the SMA detection rate. Still, the
galaxy-integrated 850 µm emission implies a vigorously star-
forming galaxy. With no other constraints on the shape of the
far-infrared spectral energy distribution, we can only make a
rough estimate of the bolometric (total infrared) luminosity.
Assuming a nominal single modified blackbody spectrum with
β = 2 and T = 20–30 K (Magnelli et al. 2012), normalized to
S850 = 4.6 mJy (the data do not allow a constraint on either the
emissivity or temperature), implies a log(LIR/L⊙) ≈ 11.8–12.6
where the infrared luminosity is integrated over λ = 40–120 µm
(rest frame) and includes a bolometric correction term of 1.91 to
account for hot dust emission at mid-infrared wavelengths not
modelled by the single blackbody (Helou et al. 1988; Dale et al.
2001; Magnelli et al. 2012).

The integrated luminosity estimated above should be consid-
ered with a caveat: the 15′′ resolution of the SCUBA-2 map
naturally results in a submillimeter flux measurement that is
integrated over the equivalent of ∼120 kpc at z = 3.1, thus en-
compassing (potentially) several individual sources contribut-
ing to the 850 µm emission. It is already well known that a
significant fraction of submillimeter galaxies (≈35% and po-
tentially up to 50%) detected with coarse resolution instruments
break up into several components when observed at higher
resolution, as is now possible with sensitive interferometers
(e.g., Hodge et al. 2013). Given the negative k-correction in the
submillimeter bands on the Rayleigh–Jeans side of the cool dust
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SCUBA-2	map	(Geach+14)	
S850=4.6+/-1.1mJy		
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SCUBA	850um	Observa5ons	

LAB01	LAB02	

LAB18	

LAB05	

See	also	Hine+16	and	Ao+17	



ALMA	860um	Observa5ons	et al. (2004) found 33 LABs in and around the protocluster, including two 100-kpc scale filamentary
LABs (LAB5 and LAB18, Fig. 3). Matsuda et al. (2011) found a hint of Lya morphology-density
relation: bright/spherical LABs tend to reside in galaxy over-dense regions, while faint/filamentary
LABs tend to reside in lower-density regions (Table 1). One possible interpretation is that spherical
LABs may be made from gas outflows from intense starbursts induced by frequent galaxy-galaxy
mergers in over-dense regions, while the filamentary LABs may be more isolated systems and reflect
continuos cold streams.

LAB02

ALMA Band 7 FoV

100 kpc
LAB01

ALMA Band 7 FoV

Figure 2: Pseudo-color Subaru/S-Cam images (B for blue, NB497 for green, V for red) of the

2 spherical LABs (Steidel et al. 2000). The size of the images is 32 ⇥ 32 arcsec

2
(⇠ 240 ⇥ 240

kpc

2
). The yellow circles indicate ALMA band 7 FoVs. The white horizontal bar in the left panel

represents the angular scale of 100 kpc (physical scale) at z = 3.1. Such spherical gaseous structure

may be made from gas outflows from intense starbursts induced by frequent galaxy-galaxy mergers

in over-dense regions. Proposed ALMA observations will identify any obscured starbursts with SFR

> 10 M� yr

�1
and SFR surface density > 0.1 M� yr

�1
kpc

�2
, which can drive substantial gas outflows

in the spherical LABs.

To see possible obscured starbursts, these LABs have been observed by JCMT / SCUBA
(Chapman et al. 2001, 2004; Geach et al. 2005). The LAB1, LAB5 and LAB18 were detected above
3.5-� at 850µm while LAB2 has a marginal (2.8-�) detection (see Table 1). These results showed that
both type of the LABs have obscured star-formation activities, which potentially drive superwinds.
However, recent several followup observations claimed that the SCUBA fluxes could be overestimated
(Matsuda et al. 2007; Yang et al. 2012; Tamura et al. 2013; Alexander et al. in prep). For example,
Chapman et al. (2001, 2004) reported that LAB1 has a 850µm flux of S850µm = 17.4 ± 2.9mJy. In
contrast to the SCUBA detection, Matsuda et al. (2007) could not detect any submm source in the
LAB1 and constrained a 3-� upper limit of S880µm < 4.2 mJy from SMA observations. More recently,
as a part of an Cycle 0 program (PI, D. Alexander), LAB2 was observed at 870µm with ALMA. The
ALMA observations could not detect any continuum source in the LAB2 and constrained a 3-� limit
of S870µm < 0.75 mJy. The filamentary LABs, LAB5 and LAB18, were not observed with ALMA yet.
It is possible that these filamentary LABs have brighter submm sources than the spherical LABs. If
it is true, the above interpretation for the spherical and filamentary LABs would have a problem.
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Figure 3: Pseudo-color Subaru/S-Cam images (B for blue, NB497 for green, V for red) of the

2 filamentary LABs. Such filamentary gaseous structure may be made from gas inflows along the

surrounding large-scale dark matter filaments. Proposed ALMA observations will test if obscured

starbursts exist even in the filamentary LABs.

1.2 Immediate objective:

We propose band 7 continuum observations of the two morphological types of LABs to identify any
associated obscured starbursts, which can drive superwinds. We request a continuum sensitivity of
rms = 0.04mJy, which is 6⇥ deeper than the previous ALMA Cycle 0 observations of LAB02. The
spherical LABs could have at least SFR ⇠ 100�200M� yr�1 from the UV observations (see Table 1).
Main part of the spherical LABs can be covered within the primary beam size of 17.9” (see Fig. 2).
In an extreme case, each LAB has 4 multiple submm sources with SFR ⇠ 25 M� yr�1, locating near
the 50% edge of the 12-m primary beam. To detect such source with 5-�, we need the continuum
sensitivity of rms = 0.04mJy (assuming assuming a dust temperature of Tdust = 30K and a dust
emissivity index of � = 1.5). The angular resolution of 1.1” (8 kpc at z = 3.1), achievable with the
most compact configuration, is small enough to check if the SFR surface density exceeds the threshold
for superwinds (⌃SFR ⇠ 0.1M� yr�1 kpc�2, Heckman 2002). This beam size is comparable to the
spatial resolution of the Subaru/S-Cam Lya and UV continuum images of 1.0”. Another purpose
is to constrain upper limit to the filamentary LABs. The filamentary LABs have smaller size and
possible associated source should also be located near the center of the FoV. The SFR estimated
from the Lya luminosity is 8 � 13M� yr�1. To constrain 3-� limits of SFR < 8 M� yr�1, we need
the continuum sensitivity of rms = 0.04mJy at 860µm.

Previous Hershel/SPIRE and ASTE/AzTEC observations of these LABs could not detect any
submm sources (Tamura et al. 2013; Kato et al. in prep). The 3-� upper limits of S350 < 18mJy and
S1.1 < 2 mJy correspond to the FIR luminosities of LFIR < 2� 10⇥ 1012L� (or SFR < 400� 2000
M� yr�1 ). However, these limits were not deep enough to investigate the di↵erence between the
obscured star-formation activities in the spherical and filamentary LABs. If we can detect obscured
starbursts in these LABs with ALMA, then it is strong evidence that their gaseous structure are
mainly formed by superwinds. With 4.6-hours of observations we will identify the key processes
forming these Lya nebulae, which may be more widely relevant for galaxy formation and the large-
scale gas circulation between galaxies and the surroundings.
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ALMA	showed	that	all	the	observed	4	giant	(>100	kpc)	
LABs	consist	of	single	or	mulFple	SMGs.	



SSA22	LAB01	2 J. E. GEACH ET AL.

Figure 1. Observations of SSA22-LAB01. (left) MUSE continuum-subtracted line image showing the Ly↵ emission averaged over 4976–5000Å, with contours
at levels of 0.5, 0.7 and 1⇥10-19 erg s-1 cm-2 Å-1. Black lines show Ly↵ polarization (Hayes et al. 2011) and black contours show the 100 tapered ALMA 850µm
emission at >3� significance; (center) zoom-in showing the ALMA map with the highest resolution image as background with the full resolution and tapered
850µm contours overlaid (starting at 3�, increasing in steps of 1�), yellow ellipses show the FWHM of the full resolution and tapered synthesized beams; (right)
HST STIS optical image of the same region as the central panel, indicating the orientation of the Keck MOSFIRE slit (§2.4) and the position of a faint companion
source we label ‘S1’. We overplot the same contours as the central panel to illustrate how the submillimeter sources associate with emission in the STIS map.

the cold and dense interstellar medium (ISM). Throughout
we assume a cosmology with ⌦⇤ = 0.72, ⌦m = 0.28 and
h = 0.697 = H0/100 km s-1 Mpc-1. At z = 3 100 subtends ap-
proximately 8 projected kiloparsecs (pkpc).

2. OBSERVATIONS
2.1. Atacama Large Millimeter/Submillimeter Array

SSA22-LAB01 was observed in two projects (2013.1.00922.S
[PI Geach] and 2013.1.00704S [PI Matsuda]) with a similar
configuration in Band 7: the full 7.5 GHz of bandwidth cen-
tred at 347.59 GHz was used to measure the continuum emis-
sion at approximately the same frequency as the SCUBA-2
detection of the target. A total of 36–40 12 metre anten-
nas were used in the observations, with baselines spanning
21-918 m, thus capable of recovering emission on scales of
up to 500, with a maximum resolution of 0.400. Antenna Tsys
temperatures were approximately 100–150 K and the mean
precipitable water vapour column was 0.249 mm. Observa-
tions of the phase calibrator source J2206-0031 confirm con-
sistent flux scaling between the two projects in the calibration
phase. All calibration was performed using the CASA soft-
ware and the visibilities from each project concatenated into
a single measurement set for which the total integration time
is 2860 seconds.

The dirty image reveals the two main components of sub-
millimetre emission, and we use this information to sup-
ply circular masks (each 200 in radius) at 22h17m26.0s,
+00�12036.300 and 22h17m26.1s, +00�12032.400 (J2000) to the
CASA clean task. We use a natural weighting of the visibili-
ties and clean down to a threshold of 70µJy within 1000 iter-
ations. We adopt multi-scale cleaning, allowing model Gaus-
sian components of width 000 (delta function), 0.500, 100, 200

and 300. The clean is run twice: at full resolution and with
an outer taper of 100. To both maps we ‘feather’ the single
dish SCUBA-2 (regridded) map to improve the recovery of
the total flux of the source and potentially improve sensitivity
to extended emission. The depth of the map is 40µJy beam-1,
increasing to 90µJy beam-1 after tapering. Final maps are
corrected for primary beam attenuation for analysis. The syn-
thesized beams are 0.4000⇥0.3800 (PA 23�) and 1.0100⇥0.9800

(PA 112�) in the feathered full resolution and 100 tapered maps
respectively.

To measure the integrated flux densities and sizes we
threshold the maps at 3�, where � is the root mean square
noise measured around the sources and sum the flux enclosed
by each 3� contour. In the full resolution map there are three
distinct components: a, b and c. Integrated flux density un-
certainties are estimated from the root mean squared value,
scaled to the number of beams subtended by the 3� contour.
The sizes of each source in the tapered map are measured as
the maximum width of the 3� contour, with an uncertainty
�✓ = 0.6⇥✓beam/SNR, where ✓beam is the full width half max-
imum of the beam and SNR = 3.

Note that there is a discrepancy between the single dish
flux and the total flux measured in the ALMA map: �S850 =
2.9±1.1 mJy. Although this is not significant at the 3� level,
we should discuss this potential ‘missing’ flux. First, it is
important to note that single dish flux densities in the sub-
millimeter can be statistically boosted; Geach et al. (2016)
measured the flux boosting as a function of signal-to-noise
ratio in the SCUBA-2 Cosmology Legacy Survey (where the
SCUBA-2 detection of this target originates), finding an aver-
age boosting of approximately 30% for SSA22-LAB01. The
array configuration allows us to recover emission on scales of
up to 500. It is unlikely that there is a 850µm emission com-
ponent on scales larger than this (40 pkpc at this redshift), but
given the sensitivity of our observations, it implies that, if real,
the missing submillimetre emission is extended on scales of
at least 300 (25 pkpc). One possibility is that the emission is
spread over a large number of faint clumps around the central
sources – an idea we explore later in the paper. Deeper ob-
servations with a slightly more compact array configuration
would be beneficial to address this.

2.2. Multi-Unit Spectroscopic Explorer
Integral field spectroscopy was performed with the Very Large
Telescope Multi Unit Spectroscopic Explorer (MUSE) instru-
ment. The observations were carried out under clear or pho-
tometric conditions, between November 2014 and Septem-
ber 2015. We used the extended blue setting, resulting
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Fig. 2.— Images of LAB1-ALMA3. The size of each map is 3′′ × 3′′. (a) The velocity-integrated map of the [Cii] emission. The
background map is the “tapered” map (0′′.53 FWHM, magenta contours), while we also show the “full” map (0′′.27 FWHM, blue contours)
for comparison. Contours start at ±2σ, with steps of 1σ for both. (b) The velocity map of the [Cii] emission, blanked at 2.5σ. Velocities are
relative to the [Oiii] peak (see also Fig. 3) and velocity contours are shown in steps of 80 km s−1. (c) The “tapered” band 7 continuum map
(0′′.55 FWHM), which presents rest-frame 210 µm continuum emission. Contours are plotted from ±2σ in steps of 1σ. For comparison,
we also show contours of the tapered [Cii] map presented in panel a. (d) The HST STIS optical image, compared to the [Cii] emission.
(e) The “tapered” [Nii] map. Contours are ±2σ. [Cii] emission is same as other panels.

Fig. 3.— [Cii] spectrum of LAB1-ALMA3, integrated over a re-
gion of d = 1′′ in the tapered cube after correcting for the primary-
beam response. We also show the redshifts and errors determined
from [Cii] (red lines) and [Oiii]/Hβ (green lines) detections. Ve-
locities are relative to the [Oiii]/Hβ redshift (z = 3.1000± 0.0003;
Kubo et al. 2015). [Cii] emission from ALMA3 is detected at con-
sistent redshift (z = 3.0993 ± 0.0004) with FWHM of 270 ± 30
km s−1. The velocity range used to create the images in Fig. 2 is
indicated below the spectrum.

has z = 3.0993± 0.0004 with FWHM 275 ± 30 km s−1.
Kubo et al. (2015) reported a redshift of z = 3.1000 ±
0.0003 on the basis of Hβ and [Oiii] λ5007 lines, and
hence our measurement is consistent (the velocity off-
set is within ∼ 50 km s−1 and the two measurements
are consistent within errors). Fig. 2 shows the velocity-
integrated [Cii] intensity and velocity maps, compared to
the rest-frame 210 µm continuum (Y. Matsuda et al. in
preparation; Geach et al. 2016), HST STIS optical im-
age2 (Chapman et al. 2003), and [Nii] image3. The [Cii]
emission is spatially resolved as shown in Fig. 2a, while
the [Cii] emission has a modest signal to noise ratio and
the various clumps seen are not significant. The [Cii] ve-
locity map (Fig. 2b) also shows complexity, which is not
likely to be produced by a simple rotating disk. The po-
sition of [Cii] emission is generally consistent with those
of dust continuum and stellar emission4.

2 The image has a pivot wavelength of 5733 Å.
3 We created the [Nii] image, integrated the cube over the same

velocity range of the [Cii] map.
4 There might be a small offset, ∼ 0′′.2, though the current data

is insufficient to determine whether it is real.

To describe the properties of [Cii] emission from
the whole galaxy, we use the tapered map. A two-
dimensional elliptical Gaussian fit yields a deconvolved
FWHM of (0′′.62 ± 0′′.11)× (0′′.55 ± 0′′.10), which cor-
responds to 4.8 × 4.3 kpc2. For comparison, we simi-
larly measured the size of the dusty starburst core us-
ing the band 7 continuum image at 0′′.35 resolution.
The yielded size is (0′′.53 ± 0′′.14) × (0′′.40 ± 0′′.12)
(4.1 × 3.1 kpc2). The measured integrated line flux is
I[Cii] = 16.8 ± 2.1 Jy km s−1 and hence the line lumi-
nosity is L[Cii] = (5.7 ± 0.7)× 109L⊙ (Table 1). The in-
frared (IR; 8-1000 µm) luminosity of ALMA3 is derived
using an average SMG template from the ALESS survey
(Swinbank et al. 2014) scaled to the 860 µm flux density,
S860µm = 0.73 ± 0.05 mJy (Geach et al. 2016); LIR ≈
5.8 ± 0.4 × 1011L⊙, so that L[Cii]/LIR ≈ 0.010 ± 0.001
(We note that the IR luminosity may have larger un-
certainty. Geach et al. (2016) estimated it in the range
LIR ≈ (0.2−1.5)×1012L⊙ using varying templates.). We
also derived the dynamical mass of ALMA3, Mdyn,vir ∼
1.0 × 1011M⊙, using an isotropic virial estimator (e.g.,
Engel et al. 2010) on the basis of the line width and [Cii]
size (major axis measured from the FWHM).
We also searched for [Nii] 205 µm emission from

ALMA3, which resulted in non-detection (Fig. 2e). Uti-
lizing the [Nii] map at 0′′.55 resolution, we obtained
a 3σ (point-source) upper limit on its line intensity,
I[Nii] < 0.35 Jy km s−1 and thus L[Nii] < 9.4 × 107L⊙,
and L[Cii]/L[Nii] > 61. The [Nii] upper limit can slightly
be relaxed when the [Nii] 205 µm emission has larger
extent compared to the size of the synthesized beam.
If we use the the other tapered [Nii] map at 0′′.64
resolution, which is comparable to the measured [Cii]
size of ALMA3, we will have I[Nii] < 0.39 Jy km s−1,
L[Nii] < 1.0× 108L⊙, and L[Cii]/L[Nii] > 55, respectively.
In the following discussion, we adopt the latter conser-
vatively.

3.2. No [Cii] emission from the remaining LAB1
members

Except for ALMA3, no emission line is found in the
band 8 cube. For ALMA1 and ALMA2, we just calcu-
late a tentative upper limit of [Cii] emission, assuming
that the lines fall within our frequency coverage and the
line widths are same as that of ALMA3. The IR lumi-
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Fig. 4.— (left) [Cii]-IR luminosity ratio (L[Cii]/LIR) as a function of IR luminosity (LIR). We show the measured ratio of LAB1-
ALMA3 and the “upper limit” of LAB1-ALMA1 and ALMA2, assuming their redshifts lie within our [Cii] coverage (see text). We
also mark local IR-luminous galaxies (Dı́az-Santos et al. 2013), the SMGs at z = 3 ∼ 6 (Riechers et al. 2014 (R14); Decarli et al. 2014;
De Breuck et al. 2014; Rawle et al. 2014; Gullberg et al. 2015 (G15)), LBGs at z = 5 − 6 (R14; Capak et al. 2015 (C15)), and z = 1 ∼ 2
star-forming galaxies (including SMGs; Stacey et al. 2010 (S10); Brisbin et al. 2015 (B15)). ALMA3 shows high [Cii]-IR luminosity ratio,
compared to other IR luminous galaxies with similar luminosity. Here we convert the IR luminosities in the literature, multiplying by the
following factors: L8−1000µm/L42.5−122.5µm = 1.7, L8−1000µm/L42.5−500µm = 1.3. (right) [Cii] 158 µm-[Nii] 205 µm line luminosity ratio
(L[Cii]/L[Nii]) as a function of IR luminosity (LIR). The ratio of LAB1-ALMA3 is shown, compared with those of various galaxies at z ∼ 5
(Rawle et al. 2014; Decarli et al. 2014; Béthermin et al. 2016; Pavesi et al. 2016, and references therein) and local (U)LIRGs (Zhao et al.
2016; Dı́az-Santos et al. 2013). ALMA3 shows one of the highest values seen to date, which indicates an enhanced [Cii] emission.

galaxies. Brisbin et al. (2015) suggested that a variety
of shocks, originating from major-merger, intergalactic
gas accretion, and stellar outflows, might contribute to
the elevated [Cii] emission. ALMA3 shows complicated
rest-frame UV morphologies and [Cii] velocity structures
(Fig. 2), which is suggestive of galaxy-galaxy interaction
(dust obscuration may also contribute to it). ALMA3
hosts intense star-formation activity, as the dust con-
tinuum detection shows, and appears to be a relatively
evolved system with large stellar mass M∗ ≈ 1011M⊙

(Kubo et al. 2015) comparable to the derived dynamical
mass (we need to recognize both estimates contain large
uncertainties). Therefore galactic outflow may inter-
act with intergalactic gas stream (e.g., Cornuault et al.
2016). Thus shock heating might be a contributor of
[Cii] emission from ALMA3.
One key question is the role of environment, since

ALMA3 is located within a giant LAB, SSA22-LAB1.
LAB1 resides in a remarkable proto-cluster and is as-
sociated with a number of star-forming galaxies, which
may reflect the abundant gas accretion from cosmic web.
The overdensity of galaxies may lead a high frequency of
galaxy-galaxy interaction. Therefore the unique environ-
ment might account for the relatively strong [Cii] line.
On the other hand, if ALMA1 and ALMA2 are actually
at redshifts similar to confirmed LAB1 members, the ab-
sence of detectable [Cii] would mean diversity of the ISM
state within a LAB. While we detected the [Cii] line from
a massive, dusty star-forming galaxy, much deeper obser-
vations of FIR lines like [Cii] and [Nii] toward a giant
LAB at z ∼ 3, which allows us to assess the ISM state
in UV/optical selected galaxies (e.g., LBGs like C11 in

LAB1), is highly expected. Such surveys will give us
an opportunity to estimate how the ISM in the galaxies
evolve in biased regions in the early universe, through the
comparison with other FIR line observations of galaxies
in a biased region (e.g., AzTEC3 and LBG1 at z = 5.3;
e.g., Riechers et al. 2014; Pavesi et al. 2016) or galaxies
in general environment in the same era.
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How	do	SMGs	relate	to	protoclusters?	
Talks	by	Chapman,	Viera,	Casey	and	Umehata	
Posters	by	Lee,	Cheng, Champagne	and	Dannerbauer	



HSC	protocluster	survey	(Toshikawa+)	Overdensity map
WIDE-GAMA15H
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179 protocluster candidates 
are identified from the S16A 
HSC dataset (Seff=121deg2).

																																														

We	selected	6	highest	(>7-σ)	overdensiFes	
at	z~4	which	are	expected	to	grow	into	
galaxy	clusters	of	>	1014	M⊙	by	z=0	with	the	
probability	of	>	90%		



SCUBA-2	mapping	(z~4	HSC	PCs)	
(w/	Toshikawa,	Lee,	Ishida,	Fujimoto,	Kohno,	Umehata,	Ao,		

Smail,	Clements,	Geach,	Chapman,	Blain,	Edge,	Gear)	

Ongoing/future work
- sub-mm follow-up imaging (HSC project 196, PI: Y. Matsuda)
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JCMT/SCUBA2 (850μm) imaging was conducted (PI: Y. Matsuda).
We will investigate the distribution/properties of SMGs in protoclusters.

◯ LBGs
● SMGs

ALMA	follow-up	of	67	SCUBA-2	sources	(Toshikawa+,	Cycle5)	



Radial	Distribu5on		
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Figure 2: Overdensity maps of the six target regions. The red and white points show SMGs and
LBGs, respectively. The dashed black line indicates the field-of-view (5 arcmin radius) of the 850µm
imaging with the JCMT/SCUBA2. We can find that there is a large variety of the spatial distribution
of LBGs/SMGs.
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Figure 3: Results of our SCUBA-2/850µm observation on the six targets of protocluster candidates
at z ∼ 4. left: Average radial dependence of the number density of SMGs (red points) and LBGs
(blue points) from the peak of overdensity. The number density is calculated the galaxy counts
within a ring of 1 arcmin width. right: 850µm flux vs. the distance from the overdensity peak for
SMGs. The red and blue points indicate individual SMGs and the average within ∆R = 1arcmin
bin, respectively.

4

Bright	SMGs	tend	to	lie	near	the	centre	of	z~4	protocluster?	

~10cMpc	bright	

faint	

centre	 outskirt	



Conclusions	&	Summary	
•  How	do	SMGs	relate	to	LABs	and	protoclusters?	

•  ALMA	showed	that	all	the	observed	4	giant	(>100	
kpc)	LABs	consist	of	single	or	mulFple	SMGs.	

•  SCUBA-2	showed	a	hint	that	bright	SMGs	are	
associated	with	UV-selected	z=4	protoclusters.	

•  Future	direcFon:	How	do	SMGs	related	with	Cosmic	
Web?	->	Talk	by	Casey	



How	can	we	rebrand	SMGs?	

•  Do	we	need	to	rename	SMGs?	

Good	examples:	
Large	scale	structure	->	Cosmic	Web	
Smooth	gas	accreFon	->	Cold	Stream	
Gaseous	halo	->	Circum	galacFc	medium	

From	Hodge’s	talk		


